entirely incapable of mediating cell adhesion. Cell adhesion studies using wild-type N-cadherin transfectants demonstrated the ability of the tryptophan side chain analog indole-3-acetic acid (I3A) to inhibit cell adhesion in a dose-dependent manner. A derivative of this compound, 5-methyl I3A, which we would predict to be unable to "fit" in the strand dimer acceptor pocket, does not inhibit cadherin-mediated cell adhesion. Although we have interpreted these results in light of the strand dimer model, our data do not rule out other interpretations for different mechanisms of cadherin function.
We have also determined the crystal structure of the D1D2 fragment from N-cadherin. The Ca 2ϩ -binding sites and overall structure are similar to that of the related fragment from E-cadherin (Nagar et al., 1996) . The parallel dimer interface suggested by Nagar et al. is not observed here. It is of interest that strand dimers are not found in the structure reported here, and curiously, elements of the strand dimer-which are mainly hydrophobic-are exposed to solvent. Our results, taken together with data from other laboratories, strengthen the idea (Brieher et al., 1996; Yap et al., 1997) that classical cadherins may require lateral dimerization for adhesive function and suggest that the strand dimer may represent an activated form, although from the data presented here we cannot rule out other mechanisms. endeavored to alter residues in both the donor strand and the acceptor pocket that form the interface.
Results
The intercalation of the entire side chain from Trp-2 on the A strand into the hydrophobic core of the partner proposed an alternate model for parallel dimerization with an interface near the Ca 2ϩ -binding sites; E-cadherin molecule is the main feature of the interface. We made mutant expression constructs for N-cadherin in which strand dimers were not observed, and this led to the suggestion that, despite their high level of sequence Trp-2 is changed to Ala, Tyr, and Phe, and also the corresponding alanine mutation for E-cadherin. We reahomology, N-and E-cadherin might use different molecular mechanisms for adhesion (Nagar et al., 1996) . soned that Ala, which has only a methyl group side chain, should abrogate the function of the large hyTo investigate the possible biological relevance of the strand dimer in N-cadherin-mediated adhesion, we have drophobic Trp side chain. While Tyr and Phe each have large hydrophobic side chains, the hydroxyl group at undertaken an extensive site-directed mutagenesis study of the strand dimer region. Cell lines that stably express the Tyr apex might interfere with insertion into a tight hydrophobic pocket, like that seen in the crystal strucmutant and wild-type cadherin molecules were constructed from a parental line of L cells, and we studied tures. Also, on the donor A strand, we mutated Val-3 to tyrosine. Val-3 makes close contact with the B strand the adhesion and aggregation properties of these cells. Point mutation of critical residues from either the donor of the partner molecule, and we anticipated that substitution of the much larger tyrosine side chain might dis-A strand or the acceptor pocket had no effect on cadherin expression or presentation at the cell surface; howrupt this association. The acceptor pocket ( Figure 1B ) contains two conever, cadherin-mediated cell adhesion was often completely abolished. We also investigated the role of the served alanine residues, Ala-78 and Ala-80. Increasing the size of these side chains would have the effect of strand dimer region in E-cadherin by mutating the structurally important conserved residue tryptophan 2, from "filling" this pocket so that it could no longer accomodate the Trp side chain from the strand dimer partner. the A strand, to alanine. This mutant E-cadherin was The difficulty was to choose substitutions that would or mutant cadherin expressors displayed an intercellular zone of intense fluorescence where adjacent cells connot be so large as to interfere with the proper folding of the mutant protein. Therefore, we chose the nontacted each other. This intense signal was observed both in cell lines that could support calcium-dependent branched residue methionine, reasoning that its highly flexible hydrophobic side chain would be the least disaggregation and cell lines that could not (see below). We took great care to ensure that the mutations made ruptive of the protein structure, while still "filling" the pocket.
for this study did not adversely affect the folding of the resultant mutant cadherin proteins. Donor strand mutations are not problematic: in the D1D2 crystal struc-
Verification of Proper Protein Expression and Localization in L cells
tures of both N-and E-cadherins, the region of the A strand subject to mutation here is disordered. This sugNative and mutant constructs in the expression plasmid pCXN2 were transfected into L cells, and candidates gests that the conformation of this region of the molecule is not critical to the overall protein fold. However, for high protein expression were selected by antibiotic resistance (see Experimental Procedures). Cell lines the "pocket" mutations are in the hydrophobic core of the protein, and therefore mutations must be carefully were assessed for level of protein expression by Western blot analysis, and protein transport to the cell surface chosen. To test the integrity of these mutant molecules, we performed trypsinization studies on L cell expressors was assessed by immunofluorescence microscopy (Figure 2) . All of the mutant constructs described here exhibin the presence and absence of Ca 2ϩ . For all mutant cadherins described here, the proteins are labile to proited cadherin expression levels that were comparable to those of the wild-type cadherin molecules. Some very teolysis in the absence of Ca 2ϩ but stable in its presence ( Figure 2C ). This is a well-known property of cadherins, highly expressing cell lines exhibited prominent ERGolgi staining, in addition to strong surface labeling; and its preservation implies the correct folding of the mutant molecules. these, however, were generally discarded in favor of cell lines that exhibited anti-cadherin immunofluorescence primarily at the cell surface. All cell lines presented here Cell Aggregation Assays To assess the ability of the mutated cadherin molecules show cadherin labeling that demonstrates maximal delivery to the plasma membrane, with minimal intracelluto mediate cell adhesion, we performed cell aggregation assays (Figure 3 ). Stably transfected cells were released lar staining (Figure 2A ). Confluent cultures of wild-type Wild-type cadherin expressors efficiently mediate calcium-dependent cell aggregation, whereas most of the mutants described here do not. Of the mutants shown above, only the W2F mutation of N-cadherin retains significant aggregation activity. (B) Quantitation of aggregation activity for each cell line. The extent of cell aggregation is related by the expression (N0 Ϫ N45)/N0, where N 45 is the total particle number after a 45 min incubation period and N 0 is the total particle number at the start of incubation. The mean average value, <m>, for three repeated experiments is shown; the error bars represent the standard error ⌺(x i Ϫ <m>) 2 /√3, where x i corresponds to each individual measurement. For A78M and A80M, only two experiments were performed, and average values are shown for these. from the culture dish by trypsinization in the presence activity. Significantly, the only difference between tyrosine and phenylalanine side chains is a hydroxyl group of calcium, and the resulting suspended single cells were assayed for their ability to form clumps during mild at the 6 position on the tyrosine ring. The inability of tyrosine to retain partial function, while phenylalanine agitation (see Experimental Procedure). As has been well documented previously, the parental L cells do not can, is consistent with the idea that Trp-2 functions by burying its side chain in a hydrophobic pocket like the form large aggregates in these assays in either the presence or absence of calcium ions, whereas wild type strand dimer acceptor pocket. We also mutated Val-3 of the donor strand, which makes close contact with N-or E-cadherin transfectants show rapid formation of large aggregates only in the presence of calcium.
the partner B strand, to the much larger residue Tyr. This mutation also downregulated calcium-dependent Mutation of Trp-2 from the donor ␤ strand of the strand dimer to Ala completely abrogates the ability of either aggregation of transfected L cells. The conserved alanine residues Ala-78 and Ala-80 N-or E-cadherin-transfected cells to undergo calciumdependent aggregation. Subsequently, we concentrated contribute to preservation of the cavity of the Trp-2 acceptor pocket by virtue of the small size of their side our efforts on N-cadherin. Mutation of Trp-2 to Tyr also abrogates adhesion; however, the corresponding Phe chains. We endeavored to "fill" and therefore block access to this pocket with Ala to Met mutations. Mutation mutant retains partial calcium-dependent aggregation The top panels show wild-type N-cadherinexpressing cells labeled with the lipophilic dyes diI (green) and diO (red). These cells form aggregates, and red and green wild-type cells coaggregate when they are mixed. Mutant A78M cells (in red, bottom) do not aggregate, and when they are mixed with wild-type expressors (green), they do not coaggregate.
of either Ala-78 or Ala-80 to methionine abrogates the although cell aggregates still formed, they were rendered highly sensitive to trituration, in that mild agitation ability of transfected cells to undergo calcium-dependent aggregation.
broke up these aggregates. However, 5-methyl I3A had no effect on adhesion. The structure of the strand dimer pocket demonstrates a hand-in-glove fit of the indole Mixed Cell Aggregation Assays ring of Trp-2 into its acceptor pocket. Without significant To test whether the aggregation activity lost in the mualterations of the pocket, a methylated indole could not tant proteins could be complemented in trans by cells be accomodated, offering a possible explanation for expressing wild-type N-cadherin, we performed "mixed" the differential effects on adhesion of these two comaggregation assays (Figure 4 ). In these experiments, pounds. each population of cells was labeled with either one of the lipophilic dyes diI or diO (see Experimental Procedures), so that they could be distinguished after mixing.
Structure Determination of D1D2 N-Cadherin We performed mixed aggregation assays for all of the Crystals of D1D2 could be grown only in the presence mutant proteins described in this manuscript, and the of Ca 2ϩ , consonant with the idea that Ca 2ϩ rigidifies phenotype was identical for each; adhesion between the connection between succesive cadherin domains wild-type N-cadherin expressors and cells expressing (Pokutta et al., 1994; Overduin et al., 1995 ; Shapiro et impaired mutants is negligible. Wild-type cells aggreal., 1995a; Nagar et al., 1996) . The crystals diffract to gate strongly with one another, but the mutant exBragg spacings of only ‫4.3ف‬ Å . Molecular replacement, pressors neither aggregate together nor with the cells using a hybrid model comprised of the D1 domain from expressing the native protein, demonstrating that the N-cadherin fused (by superposition on the E-cadherin impaired cadherins can neither adhere to other mutant D1 domain) to the D2 domain of E-cadherin, yielded an proteins nor to wild-type molecules.
unambiguous solution with one molecule per asymmetric unit of the I422 cell, corresponding to a solvent content of ‫.%46ف‬ The initial rigid body correlation was Adhesion Inhibition by Tryptophan Analogs Given the central role that Trp-2 plays in the strand 0.313, which improved to 0.449 when the positions of domains D1 and D2 were rigid body refined separately. dimer interface, we reasoned that high concentrations of tryptophan side chain analogs might block the formaThe structure has been refined to a crystallographic R value of 21.2% (R free ϭ 32.1%) for all data from 6.0-3.4 tion of strand dimers and thus might interfere with cell adhesion. We performed adhesion assays in the pres-Å Bragg spacings, yielding good quality 2F o -F c electron density maps ( Figure 6A ). No water molecules have been ence of either I3A ( Figure 5 ) or its derivative, 5-methyl I3A. I3A was found to inhibit N-cadherin-mediated adheincluded in the model. The model geometry is quite good, with rms bond deviations of 0.13Å and rms angle sion of L cells in a concentration-dependent manner; five selenomethionines in the D1D2 molecule ( Figures  6A and 6B ).
Overall Structure
The overall structure ( Figure 6B ) of N-cadherin D1D2 is similar to that of the related fragment from E-cadherin (Nagar et al., 1996) . The two successive domains are linked together by a set of conserved residues that coordinate three Ca 2ϩ ions. The N-terminal domain contains a segment containing a motif rich in conserved prolines and glycines that adopts a conformation that we have referred to as a quasi-␤ helix (Shapiro et al., 1995a (Shapiro et al., , 1995b ; this sequence motif is absent from the D2 domain. Root mean square C ␣ coordinate differences between D1 and other N-and E-cadherin D1-domain crystal structures range between 0.84 Å and 1.09 Å , and D2 is 0.72 Å rmsd from E-cadherin D2. Comparison with the E-cadherin nuclear magnetic resonance (NMR) structure (Overduin et al., 1995) may be less meaningful, as this structure is an outlier, differing from the crystal structure of the E-cadherin D1 domain by 3.54 Å and the N-cadherin D1 domain structure reported here by 3.76 Å .
Substantial shifts are observed in the relative interdomain orientations between the N-and E-cadherin twodomain structures. When the D2 domains of the two molecules are superimposed ( Figure 1E ), a rotation of 11.8Њ is required to superimpose the D1 domains. Given the overall similarity of these molecules (57% identity with insertions or deletions only in the BC and FG loops of the D2 domain) and the strict conservation of the residues involved in Ca 2ϩ binding that make up the interdomain linkers, we think it is more likely that this deviation of orientation indicates flexibility between successive domains rather than a difference between N-and E-cadherins. Thus, even in the Ca 2ϩ -complexed state, it is likely that there is still some flexibility between successive cadherin domains.
The D1D2 Ca 2ϩ -binding sites are similar in N-and Ecadherins ( Figure 6C ). Ca 2ϩ coordination involves identically the same ligands in both molecules. Nagar et al. (1996) proposed that an interface near the Ca 2ϩ -binding site in the E-cadherin D1D2 crystals might play a role in Ca 2ϩ -dependent dimerization of cadherins, and might be important in cadherin adhesive function (Nagar et al., 1996) . No corresponding interface is observed in the N-cadherin D1D2 structure. This proposed interface is served between E-and N-cadherins (residue 101 is me-I3A inhibits adhesion at high concentrations, whereas 5-methyl I3A thionine in N-cadherin). The D1 domain of the structure presented here exhibits a remarkable difference from the D1 structures that we presented previously (Shapiro et al., 1995a) . In those deviations of 2.0Њ, with no Ramachandran outliers. Given the relatively poor diffraction from these crystals, we structures, the N-terminal A strand was exchanged between two partner molecules to form an intimate used the anomalous scattering signal from selenomethionine-substituted protein to insure the correctness of "strand" dimer. The most notable feature of this dimer is the intercalation of the whole Trp-2 side chain into the structure. Bijvoet difference Fourier maps using phases calculated from the refined model yield density the hydrophobic core of the partner. Site-directed mutagenesis experiments reported herein suggest that the peaks of Ͼ5 at the selenium positions for each of the strand dimer interface is essential to cadherin function. dimerization-dimerization of molecules in parallel from This interaction is absent here, and remarkably the conthe same cell surface-might play a role in cadherin served N terminus, including the large hydrophobic resiadhesion. This data, however, was entirely structural, due Trp-2, is disordered in solution. The now-empty and at that time no corroborating biological evidence Trp-2 acceptor pocket exposes a large hydrophobic was in hand. Now, several experiments have coalesced surface to the solvent. We have superposed the D1D2 to provide mounting evidence that cis dimerization or structures on strand dimer pairs and the "adhesion diclustering plays an important role in the cell adhesion mer." In neither case are there apparent steric clashes mediated by classical cadherins. Brieher et al. (1996) that would suggest that these structures could not form.
showed that the extracellular domain from C-cadherin The N terminus was also disordered in the E-cadherin exists in alternate dimeric and monomeric forms; the structure (Nagar et al., 1996) . We had suspected that dimeric form appears to be active for adhesion, whereas the lack of a strand dimer in the E-cadherin structure the monomeric form appears to be inactive. These aumight be due to extraneous residues (Met-Arg) that were thors provide convincing evidence that the active form present at the E-cadherin N terminus due to cloning is joined as a "parallel" or cis dimer. Cell-based assays artifacts (Tong et al., 1994; Overduin et al., 1995 ; Nagar also implicate a dimerization mechanism in cadherin et al., 1996), especially in light of early mutational data, adhesion. Yap et al. (1997) showed that cells transfected which showed that the inclusion of even a few extranewith chimeric C-cadherin molecules become signifious residues at the N terminus of E-cadherin destroyed cantly adhesive only when these molecules are induced its adhesive activity (Ozawa and Kemler, 1990) . Howto multimerize. To accomplish this, they replaced the ever, the results for N-cadherin reported here demon-C-cadherin cytoplasmic region with three tandem restrate that cadherin molecules with proper N termini can peats of the FK506-binding protein (FKBP). FKBP dimeradopt a similar structure.
izes upon the addition of divalent FK506 analogs. BeMolecular surfaces of the known cadherin crystal cause multiple FKBP repeats were included in this structures demonstrate that the large hydrophobic Trp-2 construct, higher order multimers, in addition to dimers, acceptor cavity is a conserved structural feature (Figure can be formed. Therefore, this experiment cannot distin-6G). In the single domain structures, this cavity envelops guish between avidity enhancement due to clustering the Trp-2 residue from its strand dimer partner. Although or a conformational shift due to induced dimerization. this complexation is not observed in either the N-or Nonetheless, the results are consistent with a role for E-cadherin two-domain structures, this large cavity is dimerization in regulating cadherin adhesiveness. conserved nonetheless. The multimerization state of Tomschy et al. (1996) showed, by electron micros-N-cadherin D1D2 was charecterized by gel filtration copy, that homophilic adhesion of E-cadherin ectodochromatography and, at the relatively low protein conmains occurs by a cooperative two-step interaction at centrations employed by this technique, appears to the N-terminal cadherin domain. They found that antibe monomeric in solution irrespective of the presence parallel or trans cadherin dimers formed only from cadof Ca 2ϩ .
herin ectodomains already involved in parallel cis diCadherins presented on the surface of one cell bind mers. This observation meshes well with the structure to cadherins of the same subtype from an adjacent cell of the strand dimer. An alternate mode of cis dimerizathrough their N-terminal domains (Shapiro et al., 1995b, tion was proposed based on the crystal structure of the and references therein; Overduin et al., 1995, and refer-D1D2 fragment from E-cadherin (Nagar et al., 1996) . This ences therein). This interaction of equivalent molecules is a much smaller, primarily water-mediated interface at from opposing membranes suggests that cadherins the calcium-binding region between D1 and D2. The might have adhesive interfaces arranged in an antiparaldata presented here do not address the relevance of this lel fashion such that the C termini of partner molecules proposed interface. However, we have shown through can continue to their respective cell surfaces. The twomutation of E-cadherin that the strand dimer region is domain E-cadherin structure did not furnish a candidate likely to be important in E-cadherin function, and seinterface (Nagar et al., 1996) ; however, crystal structures quence conservation among the classical cadherins of the one-domain fragment from N-cadherin depict suggests that the strand dimer is likely to play a similar an interface with these characteristics (Shapiro et al., role in all of these molecules. 1995a). This is a large interface, burying ‫0033ف‬ Å 2 surThe crystal structure presented here demonstrates face area in total. The two-domain N-cadherin structure that N-cadherin can exist either as strand dimers or in reported here contains a crystallographic interface that an alternate monomeric form. This state of the molecule, involves the same face of the molecule as that seen in which features conserved hydrophobic residues disorthe single-domain structures but depicts different interdered in solution and a large hydrophobic pocket exactions at this face ( Figure 6D ). Mutagenesis studies, to posed to solvent, seems to be "poised" to form strand be reported later (K. T., L. S., and D. R. C., unpublished dimers. When residues involved in the strand dimer indata), suggest to us that the interface in the current terface are mutated in either N-or E-cadherins, the adstructure is probably not biologically relevant, while that hesive function of these molecules is lost. This suggests of the one-domain structure is further implicated in adto us the possibility that the monomeric form may be hesion.
inactive for cell adhesion, and that strand dimer formation may produce an active conformation. In turn, this Discussion may help explain the paradox (Serafini, 1997) of how cadherins can function both in neurite outgrowth and The crystal structure of domain 1 from N-cadherin (Shapiro et al., 1995a) provided data suggesting that cis intercellular adhesion in the CNS (Colman, 1997) .
Sequence comparisons show that the structural elestrand dimer formation-specifically, that inside-out signal transduction through cytoplasmic dimerization ments of the strand dimer are conserved throughout classical and some other cadherins. Tryptophan 2 itself could activate cadherin adhesion. The data presented here, however, certainly do not rule out other possible is highly conserved in classical cadherins, as is the Pro-5-Pro-6 sequence, which may function to kink the N-termmechanisms. It seems likely, though, that the adhesive properties of cadherins could depend on intracellular inal ␤ strand away from the body of its own protomer and toward the strand dimer partner. Sequence comparsignaling pathways, as also seems to be suggested by the FKBP fusion experiments (Yap et al., 1997) . isons suggest that the Trp-2 acceptor cavity is also a preserved structural feature. Interestingly, Ala-80, which is conserved in the suggested HAV "adhesion se-
Experimental Procedures
quence" (Blaschuk et al., 1990) , lines this cavity; its side chain cannot be directly involved in adhesion because Protein Expression, Purification, and Crystallization it points into the hydrophobic core. We suggest that N-cadherin D1D2 was expressed in E. coli as a recombinant fusion with glutathione S-transferase using the pGEX-2T vector. Two conconservation of Ala-80 originates in the requirement that structs were produced by PCR subcloning; in the first, a BamHI residue 80 be hydrophobic, to interact favorably with restriction site was added at the N terminus of N-cadherin to facilithe partner Trp-2, and small so as not to fill the pocket.
tate ligation into pGEX-2T. This produced a protein (construct 1) Ala-80 is the only truly conserved residue of the supwith three extraneous residues (Gly-Ile-Ser) preceding the true posed "adhesion sequence." Similar sequence conser-N-terminal sequence. We subsequently corrected this problem (in vation is also observed for other residues that line the construct 2) by introducing a Factor Xa protease site (Ile-Glu-GlyArg) directly before the N terminus of N-cadherin. Cleavage of this Trp-2 acceptor pocket (Shapiro et al., 1995b) and sugfusion protein with the Factor Xa protease yielded a protein with gests that this pocket is a feature common to the classithe correct N terminus as determined by Edman degradation analycal and other cadherins. Analysis of the molecular sursis. The fusion protein was purified by affinity chromatography of faces of the known cadherin crystal structures also crude bacterial lysate on glutathione agarose, followed by extensive illustrates the structural conservation of the Trp-2 acdialysis to remove glutathione, and then cleaved with Factor Xa ceptor cavity ( Figure 6G ). This reinforces the idea that protease. Glutathione S-transferase was then removed by rechromatography on glutathione agarose, and D1D2 was purified to hoboth E-cadherin and N-cadherin may require strand dimogeneity by ion exchange chromatography on a mono-Q column.
mer formation for activation of adhesion, and that that
The resultant protein, which was stored frozen at 20 mg/ml in 5 mM this may also be true for the other cadherin family memTris (pH 8.0), appeared pure by SDS PAGE, native PAGE, and gel bers that show homology in the regions involved in the filtration. Selenomethionyl protein was prepared by an identical prostrand dimer interface.
tocol, using the methionine auxotrophic strain DL41 to achieve seleThe mutagenesis data presented here show that disnomethionine incorporation near 100% as determined by amino acid analysis.
ruption of the strand dimer interface, while maintaining the structural integrity, expression, and localization of classical cadherins, can abrogate the ability of these (Evans, 1993) . (D) Crystal interface [(x,1 Ϫ y,1 Ϫ z) symmetry mate in space group I422] that shows an antiparallel interaction at the adhesive face of the D1 domain of N-cadherin. This interface has similarities to, yet is distinct from, the putative adhesive interface suggested previously (Shapiro et al., 1995a) . Inset shows a close-up view of this interface. Interactions between side chains are almost exclusively hydrophobic. Figure  prepared with GRASP (Nicholls et al., 1989) . (E) Superposition of N-cadherin (white) with E-cadherin (orange). The D2 domains have been superposed, illustrating the relative motions between domains as displacemant of the D1 domain. (F) Molecular surface of one monomer of N-cadherin with the part of the A strand from its strand dimer partner drawn as a stick model (from Protein Data Bank accession 1NCG). Note the complete intercalation of the Trp-2 side chain. (G) Molecular surfaces of N-and E-cadherin crystal structures. Convex surface features are drawn in green, and concave features are drawn in gray. The arrows point to the Trp-2 acceptor pocket, which is a conserved structural feature of the one-domain N-cadherin structures (Shapiro et al., 1995a), two-domain N-cadherin structure (this work), and two-domain E-cadherin structure (Nagar et al., 1996) . Figure prepared with GRASP (Nicholls et al., 1989) . this pseudo-symmetry to become exact so that these crystals beantibody was followed by several washes and treatment with fluorescent-conjugated secondary antibody (Jackson ImmunoResearch longed to space group I422 (a ϭ b ϭ 99.0 Å , and c ϭ 136.1 Å ) with one molecule per asymmetric unit. The completed structure Laboratories, West Grove, PA). For observation, an Olympus fluorescence microscope or a LEICA confocal laser microscope was used. revealed that the negatively charged side chain of Asp-215 comes into contact with a symmetry-related mate at a 2-fold axis at (1/4, 1/4, 1/4) in the I422 cell, and these symmetry mates coordinate a Immunoblotting UO2 ion with the uranium atom on the 2-fold axis. This is verified Triton X-100-soluble and cytoskeletal fractions were prepared as by Bijvoet difference Fourier analysis of the Uranium anomalous described (Franke et al., 1981) . Briefly, cells were grown to confluscattering ( Figure 6B ). In the absence of the uranyl ion, these Asp ency on 100 mm petri dishes, washed three times with PBS(Ϫ), side chains must repel each other, thus breaking the 2-fold symmescraped off of the dish, and pelleted (1000 rpm, 5 min). Pellets were try and transforming the spacegroup to C222. Protein from construct treated with 300 l of lysis buffer (140 mM NaCl, 1% Triton X-100, 1 and costruct 2 crystallized isomorphously under these conditions. 5 mM EDTA, 10 mM Tris [pH 7.4], 1 mM CaCl2, leupeptin [0.5 g/ml], Both C222 and I422 crystal forms diffract to ‫4.3ف‬ Å Bragg spacings.
and pefabloc [0.1 mol]). After cell lysis, samples were centrifuged Cryoprotection of these crystals proved to be somewhat difficult, (15,000 g, 15 min) and the pellet was resuspended in high salt extracand a special procedure was necessary. First, crystals were crosstion buffer (lysis buffer with 1.5 mM KCl and 0.5% Triton X-100 linked by vapor diffusion of a solution containing 10% glutaraldeadded). Insoluble cytoskeletal fractions were pelleted from this sushyde for 30-60 min. These crystals were then transferred to a mother pension (15,000 g, 15 min) and solublized (1% SDS, 10 mM Tris [pH liquor solution containing 25% sucrose, incubated for 15 min, and 7.4], 5 mM EDTA, and 1 mM CaCl 2). Protein concentrations were then transfered to a solution containing 50% sucrose and incubated determined with the BCA protein assay (Pierce, Rockford, IL) and for at least 15 min. These crystals were then streaked through the samples were run on 7.5% SDS-PAGE, transferred to nitrocellulose, imiscible oil paratone-N to remove liquid at the crystal surface prior blocked with 5% milk protein, and incubated overnight with primary to freezing in a nitrogen stream at 110 K. Crystals frozen in this antibodies. After secondary antibody incubation and routine washway have a mosaicity of ‫7.0ف‬Њ, whereas other freezing methods ing, blots were developed with the ECL chemiluminescence system produced mosaicities of Ͼ1.5Њ.
(Amersham International, Buckinghamshire, England). X-ray data were collected at beamline X4A of the National Synchrotron Light Source at Brookhaven National Laboratory from a Aggregation Assays single selenomethionyl crystal frozen at 110 K. Radiation at the Cells were dissociated by trypsin in the presence of 1 mM CaCl 2 selenium K-edge peak wavelength was used to acquire 1Њ oscillation and reduced to single cell suspensions at a density of 5 ϫ 10 5 scans with 6 min exposure times. The D1D2 crystal structure was cells/ml. Cells were allowed to aggregate for 45 min at 37ЊC with a solved by molecular replacement using a model that fused the D1 constant rotation of 80 rpm. The extent of cell aggregation was domain from N-cadherin with the D2 domain from E-cadherin. Mocalculated by the index (N 0 Ϫ Nt)/N0, where Nt is the total particle lecular replacement attempts with the N-cadherin D1 domain alone number after the 45 min incubation and N 0 is the total particle number failed, probably due to the high symmetry of the crystals. We have at the initiation of incubation, as described (Nagafuchi and Takeichi, found molecular replacement solutions in both the I422 and C222 1988) . For the indole inhibition experiments, cells were incubated crystal forms, which are essentially identical but for the break of in the presence of either I3A or 5-methyl I3A at concentrations symmetry in the latter. We have refined only the I422 crystal form, ranging from 0-14 mM for one day prior to the aggregation assay, and hence details of the crystallographic analysis are reported here and all steps of the assay contained an equal concentration of the only for this form.
inhibitor. For mixed aggregation assays, cells expressing different cadherin Cell Culture and Transfection constructs could be followed by staining them with different lipo-L cells were cultured in DMEM supplemented with 10% FCS, 100 philic dyes prior to mixing. We used DiI (1,1'-dioctadecyl-3,3,3Ј, U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine. To 3Ј-tetramethylindocarbocyanine) and DiO (3,3Ј-dioctadecyloxacarobtain clonal wild-type and mutant N-cadherin expressors, cDNAs bocyanine perchlorate), each purchased from Molecular Probes (Euinserted into pCXN2 vectors were introduced into mouse L cells gene, OR). Stock solutions of diI were made by dissolving 2.5 mg by lipofection using DOTAP (Boehringer Mannheim). The day after DiI in 1.0 ml of 100% ethanol, and stocks of diO were made by transfection, cells were split and seeded in complete DMEM condissolving 2.5 mg DiO in 1 ml of 90% ethanol, 10% dimethylsulfoxide. taining 800 g/ml of Geneticin G418 (Gibco) to select stable transThese stock solutions were sonocated and filtered before use. To formants. Cells transfected with the parental pCXN2 plasmid were label cells with these dyes, they were incubated for 8 hr at 37ЊC in used as controls in all experiments. Trypsinization experiments were serum-containing media at final concentrations of 15 g/ml and 30 performed as described by Ozawa and Kemler (1990) . g/ml for DiI and DiO, respectively.
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